during phonation. 
Computational model

25
The VF model comprises separate continuum region definitions for the glottal airflow and the pair of VFs.
26
The FSI model describes the interaction between each VF and the airflow (Bhattacharya and Siegmund, 27 2014b).
28
The M5 description (Scherer et al., 2001 ) defines the geometry of the airflow domain (figure 1a) with 29 a rectangular x is -x ml -x ap coordinate system aligned with inferior-superior (is), medial-lateral (ml ) and 
The continuity and momentum conservation equations are
and
along with boundary conditions 37 p(x is = −T entry − T ) = p in (t)
p(x is = T exit ) = 0,
v(x ap = ±L/2) = v g (x ap = ±L/2) = 0,
and v(x ml = ±W/2) = v g (x ml = ±W/2) = 0,
with p the fluid pressure, v g the discretized grid velocity and p in (t) the time-varying pressure at the inlet
where p max = 400 Pa and t 0 = 0.150 s. Zero pressure at the outlet and no-slip and no-penetration at all algorithm with neighbor and skewness correction (Issa, 1986 ).
48
The VF domain comprises identical and disjoint left and right solid parts (figure 1b shows the left VF).
49
Both VFs have a depth D = 8.40 mm separated intially by d g = 0.600 mm. VF mechanics is governed by 50 the principle of virtual work (Zienkiewicz et al., 2005) 51
with σ the Cauchy stress, V s the solid volume, τ s the traction applied on the boundary ∂(V s ), ρ s the 52 uniform solid density, u the solid displacement, D = ∇ u the displacement gradient, δ a variation of the 53 virtual variables (subscripted 'v'), operator : the double-contraction of two tensors, accent-marks˙and54 respectively the first-and second-order time-derivatives and ν the Poisson's ratio. The VF constitutive 55 behavior is isotropic linear viscoelastic with σ depending on the history of the deviatoric strain rateė and 56 bulk strain rateǫ
The viscoelastic relaxation is modeled by shear and bulk relaxation factors g 1 = 0.100 and k 1 = 0.100 59 respectively and relaxation time-constant τ 1 = 0.100 s. The elastic modulus E varies in the ap direction as
with E 0 = 6.00 kPa and E 1 f (x ap ) an ap-variation around it (detailed in section 2.2). The tissue is assumed to in the airflow model from the kinematic boundary condition v g =˙ u where˙ u is evaluated on S L and S R .
78
The deformed glottal surface geometries in the airflow and VF models always remain coincident. The figure 2 . In (13)
89
E 1 represents the magnitude of VF modulus gradation. In this study the value of E 1 is varied parametrically.
90
In case 1, E 1 = 0 kPa represents a homogeneous distribution, in case 2 an intermediate value
is used and finally in case 3, E 1 = 6.00 kPa (= E 0 ) creates a distribution with high heterogeneity. E 0 is 92 identical across the three cases. 
Modal analysis of in vacuo and FSI dynamics
u( x, t) ≃ 3 k=1 α (k) h (k) ( x)g (k) (t).(16)
Local glottal surface motion characteristics in FSI 119
The ml displacement of location X MC with time (u ml (X MC )) is considered to be representative of the 120 motion of the left VF. and end at consecutive peaks of u ml (X MC ) in time. The phonation frequency F 0 was obtained as
where t cycle separates two consecutive peaks of u ml (X MC ). The average F 0 is significantly different in case 108 Hz (similar to F 0 ).
128
Next, consider one particular cycle of vibration in each of the cases 1-3. while the other is in the opening phase.
135 Figure 3a ,b shows the variation of is and ml displacement components along the ap line AB at the four 
POD analysis
140 Table 2 gives the first 3 FSI eigenvalues from a POD analysis. In each case POD analysis is performed 
90
• in cases 1 and 2, but then lags by the same phase in case 3.
203
After excluding the part explained by FSI mode 1, a decreasing fraction of VF dynamics is explained by
204
FSI modes 2 and 3 combined as one goes from case 1 to case 3. This suggests that increase in VF elastic 205 gradients leads to an increase of the number of distinct FSI modes recruited in VF oscillation, and thereby
206
to an increase in spectral width of the oscillation signal.
207
For all 3 cases, the variation in FSI modes 2 and 3 explained by the first three in vacuo eigenmodes is 208 below 17 % (table 3) . This indicates that higher order in vacuo modes make significant contributions to FSI 209 modes 2 and 3. For FSI mode 3 in case 1, the first and third in vacuo eigenmode make higher contributions 210 than the second in vacuo eigenmode. These relative contributions to FSI mode 3 tend to become more 211 uniform in case 2. Finally in case 3 a complete reversal is achieved: the in vacuo mode 2 makes a higher 212 contribution to FSI mode 3 than the in vacuo modes 1 and 3.
213
Comparing the in-cycle mass flow rate (figure 6a) in cases 1 and 2, it is clear that the fluctuation amplitude
214
(or contrast) of the flow is higher for case 2 with higher gradient. This emphasises the importance of a more trapezoidal opening in case 2 as mentioned before. This confirms a similar prediction made in Kelleher et al.
216
(2010) following a linear eigenmode analysis.
217
The normalized waveforms in figure 6b suggest that a higher gradient of elastic modulus can induce 218 differences in the spectrum of harmonic excitation provided by the airflow output. This agrees with the 219 previous observation that increase in gradients of elastic modulus increase the spectral width of VF dynamics 220 in FSI. Flow rates in cases 1 and 2 have a noticeably different spectral-width than the flow rate in case 3.
221
Since collision between the VFs was not considered, the LF pattern (Fant and Liljencrants, 1985) is not 
